Fe-IIIB alloy thin lms are widely used in various types of actuators. In this study, Fe-Ga, Fe-Al, Fe-In alloy thin lms are deposited on a Si(100) substrate through an ion-plating process using a dual vapor-source. The composition of the thin lms was controlled by adjusting the deposition rate of Fe to the IIIB alloys. Deposition rates of Fe and IIIB alloys were measured by using a crystal oscillator. We investigate the effect of introduced excess energy during thin lm formation. In particular, the solid solubility limits for each type of Fe-based alloy thin lms are estimated and then compared using a Darken-Gurry plot, which was derived by applying the Hume-Rothery rules concerning electronegativity and the atomic radius of elements. The ion kinetic energy and the ionization rate of the evaporated particles were measured using a Langmuir probe and a Faraday cup, respectively. In addition, a multi-grid type electrostatic ion-energy analyzer was added in the plasma to obtain the ion temperature in order to acquire more precise excess energy value. Therefore, we attempt to study and control the excess energy required for Fe-IIIB alloy thin-lm formation and the solid solubility limit. These results are expected to contribute signi cantly to Fe-IIIB alloy thin-lm formation through the ion-plating process.
Introduction

Magnetostrictive thin lm
In recent years, there has been great interest in introducing magnetrostrictive thin lms, known as intelligent magnetostrictive materials, for micro electro mechanical systems. These materials can convert magnetic energy (electrical energy) into mechanical energy and possibly the reverse using low-voltage power sources. Thus, they present several potential applications in controlled mechanical energy conversion from external magnetic elds without using a contactor.
Magnetostrictive thin lms, less than a few micrometers in thickness, are used in various types of novel actuators, sensors, and vibration energy harvesting devices [1] [2] [3] [4] [5] [6] [7] [8] . Rare earthbased magnetostrictive materials, represented by Tb-Dy-Fe, have played a central role in developing such applications owing to their large magnetostriction of more than 2000 ppm at room temperature [9] [10] [11] [12] [13] . However, giant magnetostrictive materials are brittle and can be easily oxidized. Recently, Clark et al. reported that signi cantly greater values of the magnetostriction constant were found in Fe-17 at% Ga single crystals indicating good magnetostrictive susceptibility, high resistant to corrosion and high hardness values [14] [15] [16] . Since Fe-17 at% Ga alloy exceeds the solubility limit at the room temperature, it must be prepared in a thermodynamic non-equilibrium state 17) .
Thin lm preparation process
The ion-plating (IP) process is a vacuum deposition process in which the plasma and the vaporized particles are placed in a vacuum chamber. In previous studies, we prepared Fe-IIIB alloy thin lms under various conditions through the IP process. We reported that supersaturated solid solution thin lms can form by introducing an energy amount into the IP process 18, 19) that is greater than internal energy at thermodynamic equilibrium state called excess energy. Because the IP process can generate high-energy plasma, it is possible to introduce a higher amount of excess energy to alloy materials than by other non-thermal equilibrium alloying processes 20) . Therefore, the IP process can be used to dissolve solute metals in great proportion and it is able to control the formation of thin lms.
Solid solubility limit
The rst and second Hume-Rothery rules 21, 22) can predict the solid solubility limit in alloys. The rst Hume-Rothery rule for solid solubility explains the size factor ( size rule ): if the atomic sizes of the solute and the solvent differ by more than 15%, the solid solution cannot be formed. According to the second Hume-Rothery rule, the electrochemical nature of the two elements involved must be similar for solid solutions to be expected. On the other hand, if their electrochemical characters are very different, compound formation is likely to occur instead. Electronegativity is a measure of the electrochemical nature of the elements. Thus the electronegativity difference between the two elements should not be too large, typically within a range of ±0.4. The rst and second Hume-Rothery rules were combined by to produce the Darken-Gurry plot of Pauling electronegativity 24) versus the atomic radius 23) (Fig. 1) . The Darken-Gurry plot reveals how easily the solvent can dissolve the solid. This is represented by the ellipse on the plot, which is centered at the solvent (Fe) and spans a horizontal range corresponding to the atomic radius of ±15% and a vertical range corresponding to electronegativity values of ±0. 4 .
In previous studied, we found that the ion temperature was very dif cult to measure by using only a Langmuir probe (LP). Therefore, a multi-grid type electrostatic ion-energy an-* Graduate Student, Tokai University alyzer (MGA) 25) was added here to provides more accurate ion temperature data. In this study, we discuss the effect of excess energy introduction and the nanostructure of Fe-IIIB alloy thin lms.
Experimental Methods
Thin lm preparation process
Supersaturated Fe-Al, Fe-Ga, Fe-In thin lms were prepared by an IP process using dual-vapor source equipment consisting of an electron beam and resistance heating with tungsten boat (Fig. 2) . Iron was placed in a molten pool and heated using an electron beam until it evaporated. Then, the alloy element (Al, Ga or In) which was contained in a tungsten boat was heated by resistance heating until it was fully evaporated. Afterward, the mixture of evaporated particles of iron and the other alloys were ionized to generate plasma by applying a discharge voltage to the discharge electrode. Then, the shutter was opened to allow the deposition. The evaporation rate was determined using a crystal oscillator and the thin lm composition was modi ed by varying the resistance heating current during thin lm deposition that affects to the composition of alloy.
An anode electrode was located between the molten pool and the substrates in order to generate plasma by applying a positive potential. Then a number of thermo electrons were emitted from the molten pool (evaporation source). Meanwhile, a negative potential was applied to the substrate, and ionized particles from the molten pool were accelerated and deposited on the substrates to form thin lm layers. The input excess energy was controlled by varying the discharge electrode voltage and a substrate bias voltage to the ground. Table 1 presents the thin lm preparation conditions used in this study.
Sample evaluation method
The excess energy during thin lm preparation was determined by plasma diagnostics using various types of equipment. The LP was helped to measure the space potential, a Faraday cup (FC) was applied to determine the quantity of incident ions, and the MGA (Fig. 3) provided the ion temperature. The composition of lm was investigated through energy dispersive X-ray spectroscopy (EDX), the nanostructure of lm was analyzed by X-ray diffraction (XRD), and the thicknesses of the thin lms were determined by a Dektak 3 stylus pro lometer.
Ion temperature was measured by using the MGA as follows. Discharge electrode voltage was applied to generate plasma and passed through grid 1. Grid 1 (G1) was used to block electrons with a negative potential. Only ions could pass through the grid. Many ions with suf cient energy to overcome grid 2 (G2) reached the collector plate (C) in the analyzer. The MGA give the relationship between the ion current through the collector plate and the DC voltage across its terminal is called the current-voltage I-V characteristics. Then we estimated ion temperature with the slope of I-V characteristics.
Excess energy calculation
Excess energy (E ε ) could be calculated by the formula as following:
where E ε is the excess energy which input on the substrate (J/ mol), N A is Avogadro s number (mol −1 ), E A is the acceleration energy, which corresponds to the potential energy between the ion and the substrate, E ion is the thermal energy of the ion, E vap is the thermal energy of the neutral particles, and E sub is the thermal energy of the substrate. Each variable in eq. (1) can be rewritten as the following:
where e is the elementary electric charge (C), i is the ionization rate estimated from the ion current which measured by the FC, V s is the plasma potential estimated from I-V characteristic curve produced by LP, V sub is the substrate potential, k is the Boltzmann constant (J/K), T ion is the ion temperature measured by the MGA, T vap is the temperature of evaporated particles, and T sub is the substrate temperature. The calculation of T ion is shown in eq. (3). It can be calculated from the current change per unit of the blocking potential at maximum probability of blocking potential V b and the logarithmic function of the collector current logI c measured by the MGA.
The ionization rate can be calculated from the measured evaporated particles deposited on substrate and the ions deposited on the FC area as shown in eq. (4).
Results and Discussion
Excess energy and ionization rate
The excess energy input on the thin lm by applying a xed applied bias voltage of 150 V and varying the substrate bias potential from 0 to −150 V (Fig. 4) . Furthermore, applying a xed substrate bias voltage of −150 V modi ed the bias voltage from 50 to 150 V (Fig. 5) . Therefore, when the substrate bias voltage increases, the kinetic energy of ion evaporation particles will increase. From this experiment, we infer that in the IP process, the greatest amount of excess energy is contributed by the kinetic energy of the ion particles.
When the applied bias voltage remains constant at 150 V, the resulting excess energy increased at an approximately linear rate with the substrate bias voltage until 0.87 MJ/mol. Therefore, the maximum lattice strain energy produced during the IP process is greater than that produced by other alloying processes by approximately 10 times 11) . Consequently, the IP process enables to input a greater amount of excess energy. Besides, the excess energy is largely controlled by the applied bias voltage which increases from 0.11 to 1.4 MJ/mol. From this result it was found that it is able to control excess energy.
In addition, the ionization rate increases with the applied bias voltage when the input excess energy varies from 0.09 to 1.4 MJ/mol. In particular, the results of ionization rate in- creases from 0.1% to 4.5% for Fe-Al, from 3.4% to 17.0% for Fe-In, and from 0.2% to 3.4% for Fe-Ga thin lms. In addition, the results show that the ionization rate of evaporation particles increases linearly with the discharge electrode voltage. In the present experiment, the number of electrons withdrawing from the molten pool increased by controlling the discharge electrode voltage, accelerating the evaporated particles, which then reached a collision state. Thus, the discharge ionization energy can be increased through the IP process by pounding the electron to the evaporation particles and gradually accelerating ionization of the evaporated particles when the discharge energy exceeds their ionization energy. Figure 6 shows the results of the ion temperature measurements, which were obtained by increasing the discharge electrode voltage during the present experiment. The ion temperature exhibits an almost linear increase with discharge electrode voltage indicating that the ion temperature can be modi ed by varying discharge electrode voltage. Therefore, this enables controlling the excess energy. Figure 7 shows the XRD patterns of the Fe-Al thin lms produced with different excess energy inputs and compositions. As shown in Fig. 7 , body-centered cubic (BCC) structure of α-Fe phase was observed in all samples. However, both Fe-Al(100) peak of Face-centered cubic (FCC) structure be observed only in case of Fe-60at% Al with 1.1 MJ/ mol. It can be considered that excess energy input of Fe-60 at% Al is 1.1 MJ/mol. This suggests that an excess energy input of 1.1 MJ/mol in the Fe-60 at% Al may be insuf cient. Consequently, Al would not be completely dissolved in Fe and an intermetallic compound would be formed instead of a supersaturated solid solution. However, when the excess energy input in Fe-60 at% Al was changed from 1.1 to 1.4 MJ/ mol, the Fe-Al(100) peak disappeared from the XRD spectra. Thus, higher amounts of excess energy could lead to the successful formation of a supersaturated solid solution. Figure 8 shows the BCC structure of the α-Fe phase in FeIn thin lms, which is not normally found in the equilibrium or the immiscible phases according to the phase diagram 17) .
Ion temperature of Fe thin lms
Thin lm microstructure
Therefore, the input of excess energy results in In that is fully miscible with Fe and forms a solid solution instead of an intermetallic compound. Figure 9 shows the BCC structure of the α-Fe phase in all Fe-Ga thin lm samples 21, 22) , It is observed that Fe-Ga thin lms were formed as a supersaturated solid solution.
All of these XRD patterns show Fe peak shifted to lower diffraction angle when the composition of Ga, Al, In increased. Figure 10 shows the excess energy values for Fe-Ga, FeAl, Fe-In supersaturated thin lms required to dissolve other elements into Fe and to expand the solid solubility limit for each 1 at%. The required excess energy for Fe-Ga, Fe-Al, Fe-In were 9, 20, and 80 kJ/mol, respectively. These results show that by controlling the excess energy, it is also possible to control thin lm composition and the solid solubility limit of the Fe-IIIB thin lm during the preparation process.
Excess energy of Fe-IIIB thin lms
Conclusion
In this study, Fe-IIIB (Ga, Al, In) thin lms were prepared by an IP process with a dual-vapor source and their nanostructure was investigated. The ion temperature was measured using the MGA in order to acquire a more precise value of excess energy. Excess energy could be directly controlled by varying the discharge electrode voltage and substrate bias voltages.
On the basis of the results, we found that the accumulated lattice distortion energy was enlarged by increasing the lattice expansion of the α-Fe BCC lattice, where the increment can be obtained by escalating the impinging energy of the evaporate particles.
The methodology applied in this study provides a more precise value of the excess energy. In conclusion, excess energy input is an important factor in expanding solid solubility limit of supersaturated thin lm formation.
